Humans are exposed to chemicals in contaminated groundwaters that are used as sources ofdrinking water. Chemicals contaminate groundwater resources as a result of waste disposal methods for toxic chemicals, overuse of agricultural chemicals, and leakage ofchemicals into the subsurface from buried tanks used to hold fluid chemicals and fuels. In the process, both the solid portions of the subsurface and the groundwaters that flow through these porous structures have become contaminated. Restoring these aquifers and minimizing human exposure to the parent chemials and their degrdation products will require the identification of suitable biomarkers of human exposure; better understandings of how exposure can be related to disease outcome; better understandings of mechanisms of transport of pollutants in the heterogeneous structures ofthe subsurface; and field testing and evaluation of methods proposed to restore and cleanup contaminated aquifers. In this review, progress in these many different but related activities is presented.
Introduction
Figure I is a three-section diagram that presents the main processes that a) illustrate water transport in the atmosphere and subsurface (hydrologic cycle); b) identify activities and practices that cause contamination of groundwaters (groundwater contamination); and c) identify and illustrate proposed cleanup methods for contaminated aquifers (remediation). Terminology needed to understand groundwater contamination and remediation is introduced in Figure 1 . The three-section diagram emphasizes that the transport of water and chemical contaminants in the subsurface occurs simultaneously. In this diagram, it can be seen that chemical contamination of groundwaters results in contamination of both the groundwater and the porous, solid matrix through which groundwater and contaminants low, thus making remediation/restoration of the aquifer more difficult.
As seen by examining the hydrologic cycle section of Figure 1 in more detail, precipitation falling on land surfaces can either run off into surface waters or can infiltrate into the porous structure of the subsurface. In this way, ground and surface waters are connected. This linkage provides a direct conduit for entry of groundwater contaminants into surface waters and vice versa. Transport of moisture in the hydrologic cycle is driven by incident solar radiation.
In the subsurface, water is transported in aquifers. An unconfined or phreatic aquifer has a partially saturated zone, or unsaturated zone, above the water or saturated zone. The unsaturated zone of water- Figure 1 . The flow dynamics ofeach type ofaquifer have many similarities but also many important differences that are important in developing remediation programs.
In the groundwater contamination section of Figure 1 , chemical contaminants are transported by convection and dispersion through the porous matrix of the subsurface. Because of intermolecular forces between chemicals and the solid surfaces ofthe porous media, chemicals can bind to solid surfaces. The degree to which chemical contaminants are sorbed or bound to solid surfaces is a function of the chemical characteristics of both the chemical and the porous solid (substrate). Sorption usually has the effect ofholding up or retarding transport. Chemical concentrations in groundwaters can be reduced either by abiotic or biotic mechanisms of degradation either in the liquid phase or in the sorbed phase. The rates of these processes occurring determine the quantities ofthese chemicals people are exposed to by drinking contaminated groundwaters.
To understand how contamination and exposure to toxic chemicals in groundwaters occurs and what will be necessary to reclaim or restore contaminated aquifers, mathematical models are required to determine the rates at which dissolved chemicals and nonaqueous phase liquids (NAPLs) are being transported and transformed in the subsurface. Exposure to toxic chemicals transported in the subsurface occurs by drinking contaminated groundwater and via inhalation of indoor air containing volatile chemicals that are transported in the subsurface and enter into homes through their substructures (e.g., basements, crawl spaces, cracks in slabs) (1) .
Major sources ofcontaminants in groundwater resources are agricultural chemicals (2-4), leakage from underground storage tanks for liquid chemicals and fuels (5, 6) deep-well injection of toxic chemicals (10) . Except for deep-well injection, all of these contaminating activities take place in the partially saturated region (unsaturated zone of unconfined aquifers) of the subsurface.
As a result of infiltrating moisture, usually from precipatation falling on the surface, chemicals are gradually transported by convection and dispersion downward into the saturated or groundwater zone ofthe subsurface. Chemicals that are soluble in water move with the aqueous phase. Their concentrations with space and time are functions of not only the velocity of the aqueous phase through the porous media ofthe subsurface, but also of dispersive, sorptive, and degradation processes that spread these chemicals out, retard their transport, and transform them into other chemicals. For NAPLs or chemicals such 'as gasoline or chlorinated solvents, transport in the subsurface is much more complex. In Figure 2 , the density ofthe NAPL (20) .
Excess risk to farmers and forestry workers (especially herbicide applicators) for non-Hodgkin's lymphoma (NHL) has been reported for case-control studies in many countries worldwide and in many U.S. states with extensive farming activities. In Table 1 , a summary of these studies is given . In one ofthe most extensive studies in the United States, Hoar et al. (34) found a significant relationship between exposure to chlorophenoxy herbicides, particularly 2,4-D, and risk of NHL. A 5-to 6-fold increased risk to NHL was seen in persons frequently exposed to chlorophenoxy herbicides (greater than 20 days/year) as compared with people with less than 20 days exposure/year and an RR of8.0 for frequent exposures (greater than 40 days/year). In addition to an association with 2,4-D use, significant excesses in NHL were associated with use of triazine herbicides (e.g., atrazine, cyanazin, metribuzin, prometone, propazine, and terbutryn), amide herbicides (e.g., alachlor and propachlor), and the herbicide trifluralin (34) .
Because the latency time for cancer to appear in a population is about 20 years after exposure occurred, and because the epidemiological studies reported for the United States have been recent, it is important to examine herbicide usage 20 years ago. In Figures (22) . All ofthe studies cited above produced the same conclusion that the risk of NHL was significantly higher for male farm workers engaged in spraying chlorophenoxy herbicides. Finally, in a study in the districts of Scarborough, York, and Leeds in England, Barnes et al. (32) found a greater incidence rate for NHL among rural residents than among urban residents.
For other lymphoid neoplasms associated with agricultural workers, Cuzick and De Stavola (44) reported an RR of 1.8 for multiple myeloma (MM) for agricultural/food processing workers in England and Wales. The authors found that the risk could not be restricted to those who came in contact with animals and meat products or those exposed only to pesticides. Significant excesses were also noted for people exposed to chemicals and gases/fumes, but no specific chemical or group ofchemicals could be identified. For agricultural workers in northern Italy, La Vecchia et al. (24) found an RR of 2.0 for MM and 2.1 for Hodgkin's disease. In New Zealand, Pearce et al. (26) found an RR of 2.22 for MM in agricultural and forestry workers. For farmers in Iowa, Burmeister (33) reported an RR of 1.48 for MM.
Other toxic effects associated with occupational exposure to pesticides are delayed and progressive polyneuropathy from organophosphates (organophosphate-induced delayed neurotoxicity) (45, 46) and delayed neurotoxicity as a result of ingestion of carbamate pesticides (47) .
Human Health and Exposure to Toxic Chemicals in Groundwaters
Along with these epidemiological studies on farm workers and cancer incidence, other recent epidemiological studies have also reported higher cancer incidence rates for NHL in farm families in farming counties in eastern Nebraska (48) nitrates and atrazine (48) . Excess nitrate is added to corn, wheat, and soybean crops to improve yields, but the unused nitrate migrates into underlying groundwaters. In laboratory studies, N-nitrosoatrazine was formed from atrazine and nitrite (an in vivo reduction product of nitrates) at acid pHs characteristic of the stomach (51) . This N-nitroso compound was found to be a weak mutagen in the Salmonella assay but strongly mutagenic in the Chinese hamster V-79 assay, producing revertants 3.4 times the dimethylnitrosamine control (52 Transport ofchemicals in the subsurface involves transport of fluids and dissolved solutes through porous media. As a result, transport is a function of the properties of the chemical either dissolved in the aqueous phase or in an NAPL and the chemical properties ofthe porous matrix through which the chemical is being transported. At any position and time within this porous structure, the concentration of chemical present is a function of four main processes: convection of the fluid phase as a result of pressure gradients in the aqueous/nonaqueous phase; dispersion as a result of gradients in fluid phase velocity and gradients in chemical concentration; abiotic and biotic reactions that degrade and transform the chemical both in the fluid phase and on the surfaces of the porous structure; and the strength of the sorptive processes that retard chemical transport. The concentration ofa contaminant in either an aqueous or a nonaqueous phase at any given time and location is the sum total of these four processes.
For a porous media, aqueous-phase fluid transport through a porous media is described by Darcy's Law (64) . The combined transport in porous media of aqueous and nonaqueous phase liquids is also described by Darcy's Law, but requires equations for each phase and an equation of state to describe interactions between phases (65,66). For organic pollutants, strong sorptive interactions greatly retard chemical transport in the aqueous/nonaqueous phase because the chemical is strongly held to the solid surfaces of the porous material, particularly the organic matter in the subsurface. In a like manner, weak sorptive interactions result in more rapid chemical transport in the subsurface.
The degree of retardation can be estimated from the equilibrium sorption coefficient that descibes the molecular interactions between the chemical and organic matter in soils (67, 68) . The rates of abiotic reactions arefunctions of the chemical properties of the chemical and the local temperature. Abiotic chemical reactions that occur most frequently for organic contaminants are hydrolysis and oxidation (69); however, it has been shown (70) that clay surfaces catalyze the formation of biphenyls and terphenyls from benzene. The rates of biotic reactions are a function of the microbial population present (71) and depth in the soil column. For a large number and variety of molecular structures of organic chemical contaminants, mechanisms of degradation mediated by microorganisms are usually oxidative, even for anaerobic conditions (72) .
For a complete description of chemical transport in the subsurface, transport of heat and moisture must also be included. For the saturated zone of the subsurface, however, heat transfer is a minor consideration and for all practical purposes can be disregarded because transport is very nearly isothermal. In phreatic aquifers, particularly near the interface of the subsurface and the atmosphere, heat and moisture transport expressions are required. Chemical transport in the unsaturated zone occurs because of the simultaneous transport of chemical mass, moisture, and heat (73, 74 To apply these equations to the saturated zone, letE -0 = 0. When proper boundary conditions are adjoined to Equations 1, 2, and 6 and when these equations are solved simultaneously, they represent the simultaneous transport ofmoisture, heat, and chemical mass in the subsurface. Because these equations are nonlinear and coupled, closed-form solutions are virtually impossible to find, and the equations must be solved numerically. In the most commonly used approach, a problem domain is defined in the subsurface and then subdivided into a network of nodes. Then approximating algebraic equations are chosen for this finite-dimensional space (finite element or finite difference approximations). A numerical procedure (solution algorithm) is developed to solve this huge set of discrete equations (74) . It should be apparent from examination of Equations 1, 2, and 6 that there are a large number ofvariables and coefficients needed to carry out these calculations. In many instances, numerical values for these variables and coefficients either are unavailable or do not apply to the situation that is being simulated.
Because of the heterogeneity of the porous media of the subsurface, transport variables and coefficients do not vary in a deterministic manner from location to location on any dimensional scale. In many instances, values and equations defining important transport variables and coefficients describing chemical transport in the subsurface have come from observations in laboratory columns that are usually constructed tQ be uniformly homogeneous in composition and pore structure. In these experiments, transport in a representative element of volume (REV) of the column is used to simulate transport behavior in the field. There have been some notable successes in using this strategy (76) , and some notable failures (77) . Unfortunately, in field situations the failures outnumber the successes. For regional contamination ofthe subsurface, composition and pore structure vary considerably and are not deterministic (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) . Because the development of remediation programs for contaminated groundwaters depends on realistic representations oftransport in porous media, the heterogeneity ofthe subsurface must be incorporated into predictive mathematical equations. In field situations, these variables and coefficients appear to be better represented as random variables, and the defining equations are stochastic (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) .
In principle, the switch from deterministic variables to random variables is not as difficult as it sounds. One is now solving the same set ofequations (Eqs. (89) to determine optimal remediation strategies for waste sites. Other approaches that represent the heterogeneous structure ofthe subsurface and look promising in describing transport make use of fractal geometry (90, 91) . The major drawback to this approach as it now exists is that an enormous number ofcalculations must be carried out to reach a solution. Thus, the examination of transport and remediation methods for contaminated aquifers requires a large commitment of resources.
Aquifer Remediation/Restoration
Because each groundwater aquifer is unique, mineralization oforganic contaminants by either abiotic or biotic mechanisms (e.g., complete conversion ofthe chemical to CO2 and water) is a function of the spatial heterogeneity of subsurface properties such as pore structure, hydraulic conductivity, and microorganism populations as well as carbon and energy sources (92) . This information, along with laboratory studies ofdegradation, sorption, and transport (as described by hydraulic conductivity and chemical dispersion), must be incorporated into plans to design and engineer the proper conditions for restoration in the field. The two approaches described below have some steps in common, but differ because biomediation methods are much more amenable to in situ operations. If in situ biomediation methods can be sucessfully transferred from the laboratory to the field, they have a clear economic and environmental advantage over physical-chemical methods.
Physical-Chemical Methods
Physical-chemical methods of aquifer remediation/restoration usually include drilling a well into the contaminant plume to remove contaminated groundwater to the surface. Then a variety of separation methods are available such as air stripping, activated charcoal, and reverse osmosis to remove contaminants from groundwater aquifers (93, 94 (95) . At the present time, this method has not been field tested. In the field, it is proposed to locate a pit upstream from the direction of groundwater flow. The pit would then be loaded with the modified clay and pollutant chemicals would be sorbed onto clay surfaces and degraded.
Bioremediation
In the subsurface, biological degradation occurs naturally. However, for some refractory chemicals such as organochlorine pesticides and some organochlorine solvents (e.g., trichloroethylene and tetrachloroethylene), the rates of degradation in many soil environments are slow. Because of this, these chemicals travel great distances from their point ofentry without much attenuation in initial entry concentration (96) . Bioremediation of contaminated aquifers include removal ofcontaminated groudwaters to the surface and treatment in a bioreactor and in situ treatment (97) . Bioreactors (92) . In another study (114, 115) Research is needed on better mathematical models to describe transport ofdissolved chemicals and NAPLs in the subsurface that would account for the heterogeneity ofthe subsurface. More attention needs to be given to validation and adaptation of laboratory studies on transport and biotransformation of chemicals to field applications.
If incineration is being considered as a waste disposal option for pollutants extracted from contaminated groundwaters, research is needed not only to determine the destruction efficiency of incineration, but also to determine the identities and quantities of by-products of incineration found in exhaust emissions and solid residues.
Metals pose a difficult waste-management problem. Special research is required on the chemistry, hydrogeology, and microbiology of the transport and transformation ofmetals in the subsurface. Remediation efforts should examine methods to modify the chemical forms ofmetals, to make them less mobile or to retard/sequester them in the subsurface. Metals ofgreatest concern include mercury, lead, cadmium, chromium, nickel, and arsenic.
